In Pseudomonas aeruginosa, N-acylhomoserine lactone signals regulate the expression of several hundreds of genes, via the transcriptional regulator LasR and, in part, also via the subordinate regulator RhlR. This regulatory network termed quorum sensing contributes to the virulence of P. aeruginosa as a pathogen. The fact that two supposed PAO1 wild-type strains from strain collections were found to be defective for LasR function because of independent point mutations in the lasR gene led to the hypothesis that loss of quorum sensing might confer a selective advantage on P. aeruginosa under certain environmental conditions. A convenient plate assay for LasR function was devised, based on the observation that lasR mutants did not grow on adenosine as the sole carbon source because a key degradative enzyme, nucleoside hydrolase (Nuh), is positively controlled by LasR. The wild-type PAO1 and lasR mutants showed similar growth rates when incubated in nutrient yeast broth at pH 6.8 and 37°C with good aeration. However, after termination of growth during 30 to 54 h of incubation, when the pH rose to > 9, the lasR mutants were significantly more resistant to cell lysis and death than was the wild type. As a consequence, the lasR mutant-to-wild-type ratio increased about 10-fold in mixed cultures incubated for 54 h. In a PAO1 culture, five consecutive cycles of 48 h of incubation sufficed to enrich for about 10% of spontaneous mutants with a Nuh ؊ phenotype, and five of these mutants, which were functionally complemented by lasR ؉ , had mutations in lasR. The observation that, in buffered nutrient yeast broth, the wild type and lasR mutants exhibited similar low tendencies to undergo cell lysis and death suggests that alkaline stress may be a critical factor providing a selective survival advantage to lasR mutants.
aeruginosa are positively controlled by quorum sensing, e.g., elastase, exotoxin A, staphylolytic enzyme, phospholipase C, alkaline protease, lipase, galactophilic lectin, pyocyanin, hydrogen cyanide (HCN), and rhamnolipids (12, 59, 65, 67) . In several animal models, quorum-sensing-negative mutants of P. aeruginosa display reduced virulence, by comparison with the quorum-sensing-proficient parental strains (39, 47) , suggesting that quorum sensing may give the bacterium a competitive advantage in pathogenic interactions with the host. Yet, a naturally occurring lasR mutant of P. aeruginosa has been isolated from a wound (14) and an rhlR mutant from a urinary tract infection (54) . Defects in the lasR and rhlR genes have also been observed repeatedly in clinical P. aeruginosa isolates obtained from mechanically ventilated patients (7) . Furthermore, in another study (4) , 12 out of 66 environmental and clinical P. aeruginosa isolates had insertion, missense, or nonsense mutations in lasR. P. aeruginosa PA103, a clinical isolate with low exoprotease activity, can be complemented for protease expression by the cloned lasR ϩ gene of strain PAO (13) . Thus, the question arises whether under some environmental conditions loss of LasR control might give P. aeruginosa a selective advantage.
For comparative purposes, we have used P. aeruginosa PAO1 (presumed wild-type) strains from different laboratory strain collections. Two of these strains attracted our interest because of their unusually strong pigmentation on nutrient agar plates. Both turned out to bear point mutations in the lasR gene, resulting in loss of quorum-sensing function. We then found experimental conditions under which the lasRnegative PAO1 sublines outcompete a lasR ϩ PAO1 wild type.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains and plasmids used in this study are listed in Table 1 . Escherichia coli and P. aeruginosa strains were routinely grown in nutrient yeast broth (NYB; 25 g Oxoid nutrient broth, 5 g Oxoid yeast extract per liter) or on nutrient agar plates at 37°C (55) . When required, antibiotics were added to the media at the following concentrations: tetracycline (Tc), 25 g ml Ϫ1 (E. coli) or 125 g ml Ϫ1 (P. aeruginosa); ampicillin (Ap), 100 g ml Ϫ1 (E. coli); kanamycin (Km), 50 g ml Ϫ1 (E. coli); gentamicin (Gm), 10 g ml Ϫ1 ; spectinomycin (Sp), 25 g ml Ϫ1 (E. coli) or 1,000 g ml Ϫ1 (P. aeruginosa); carbenicillin (Cb), 250 g ml Ϫ1 .
To counterselect E. coli S17-1 donor cells in matings with P. aeruginosa for gene replacement, chloramphenicol (Cm) was used at a concentration of 10 g ml Ϫ1 ; enrichment for Tc-sensitive cells was performed with Cb at 2,000 g ml Ϫ1 and Tc at 20 g ml Ϫ1 (43, 46) .
Biolog GN microplates for gram-negative strain identification were used as recommended by the manufacturer. Growth on different carbon sources was tested on OS minimal medium (34) supplemented with 0.1% (wt/vol) adenosine, inosine, or hypoxanthine; 0.1% (wt/vol) (NH 4 ) 2 SO 4 was used as a nitrogen source. Growth was scored after 2 to 3 days. For nucleoside hydrolase assays, the strains were grown in 100 ml of a medium containing 0.15% (wt/vol) K 2 HPO 4 , 0.02% (wt/vol) MgSO 4 · 7 H 2 O, 0.2% (wt/vol) NH 4 Cl, 0.4% (wt/vol) peptone, and 0.02% (wt/vol) yeast extract (58) . In survival tests, P. aeruginosa cultures were grown in triplicate in 20 ml of NYB supplemented with 0.05% (vol/vol) Triton X-100 (in 50-ml Erlenmeyer flasks). In some cases, 100 mM K phosphate buffer, pH 7.0, was incorporated into the medium prior to inoculation or 60 M 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS; chemically synthesized according to reference 41 and provided by P. Williams) was added after 24 h of growth.
Cultures were inoculated at an initial optical density at 600 nm (OD 600 ) of 0.02, and incubated at 37°C with shaking. Growth and cell lysis were followed by determining OD 600 values and viable counts (CFU) were obtained by plating suitable dilutions made in saline (0.9% NaCl) on nutrient agar. Mixed cultures grown in the same conditions as described above were coinoculated with 50% of PAO1 and 50% of PAO6395; the concentrations of the inocula required were estimated from OD 600 measurements. To discriminate between the wild type and a lasR mutant, 100 colonies isolated at each time point from three independent cultures were replicated from nutrient agar onto OS-adenosine medium. After 48 h of incubation, the lasR mutants did not grow on this medium whereas the wild type did. DNA manipulation and cloning procedures. Small-scale preparations of plasmid DNA were carried out by the cetyltrimethylammonium bromide method (6) , and large-scale preparations were performed using Nucleobond AX100 columns (Macherey Nagel). Chromosomal DNA was extracted from P. aeruginosa and purified as described elsewhere (46) . Restriction enzyme digestions, ligations, and agarose gel electrophoresis were performed using standard methods (48) . Restriction fragments were purified from agarose gels using the Gene Clean II kit (Bio 101). Transformation of E. coli and P. aeruginosa strains was carried out by electroporation (9) . Oligonucleotide primers used are listed in Table 1 . PCR products were sequenced on both strands with the Big Dye Terminator cycle sequencing kit and an ABI-PRISM 373 automatic sequencer according to the manufacturer's recommendations (Applied Biosystems). Alignment of nucleotide and deduced amino acid sequences was performed using the Genetics Computer Group program GAP or ClustalW (http://www.ebi.ac.uk/clustalw/#).
Characterization of strains PAO1-D and PAO1-J and spontaneous Nuh-negative mutants. Chromosomal DNA from PAO1 (control), PAO1-D, PAO1-J, and spontaneous Nuh Ϫ mutants as templates and primers las1 and las2 (7) ( Table 1) were used for PCR amplification of the 1.24-kb lasR region. Three independently obtained PCR products from each strain were sequenced entirely. Plasmid and mutant constructions. An in-frame deletion removing codons 101 to 222 was generated in the lasR gene of strain PAO1. This deletion includes the helix-turn-helix motif and most of the putative OdDHL binding domain ( Fig.  1 ) and was obtained as follows. A 620-bp XmaI-BglII fragment including the first 100 codons of lasR was PCR amplified using primers LG1 and LG3 (Table 1 ) and linked to a 630-bp BglII-EcoRI fragment containing the last 18 codons of lasR, which had been PCR amplified using primers LG4 and LG2. The resulting 1.25-kb fragment was cloned, via an XmaI-BamHI linker from pBluescript-II, into the suicide plasmid pME3087 digested with BamHI and EcoRI, resulting in plasmid pME3848. After conjugation with PAO1 as the recipient and E. coli S17-1/pME3848 as the donor, Tc-resistant transconjugants having a chromosomally integrated pME3848 were selected. Cb enrichment provided Tc-sensitive colonies which were unable to use adenosine as the only carbon source; one isolate (PAO6395) was verified by PCR for the presence of the 0.36-kb deletion in lasR using primers LG1 and LG2 (Fig. 1) ; the LasR-negative phenotype was checked by assaying for OdDHL, BHL, elastase, rhamnolipids, HCN, and pyocyanin.
Plasmid pME3873, carrying the PAO1 nuh gene, was obtained as follows. A 1.5-kb fragment, amplified by PCR using PAO1 chromosomal DNA as a template and primers P1-KpnI and P2-HindIII, was digested with KpnI and HindIII, and cloned into pUK21. A nuhЈ-ЈlacZ translational fusion was constructed by PCR using pME3873 as template and primers P3-BamHI and P4-PstI. The resulting 270-bp PCR product containing the nuh promoter region and the 5Ј end of nuh was digested with BamHI and PstI and joined to the ЈlacZ reporter gene in the vector pME6014, such that the ninth codon of nuh was fused in-frame to the 8th codon of lacZ in the resulting construct pME3877. The nuhЈ-ЈlacZ fusion was subcloned on a 3.3-kb BamHI-XhoI fragment into pME6031, resulting in plasmid pME3882. In PAO6379, the nuh gene was interrupted by the insertion of a spectinomycin-streptomycin resistance cassette (⍀-Sp/Sm). The 2-kb cassette was excised from pHP45⍀ and inserted into the EcoRI site of pME3873. A 3.5-kb KpnI-XbaI fragment, carrying the interrupted gene nuh:: ⍀-Sp/Sm, was subcloned into the suicide plasmid pME3087, giving pME3890. This plasmid was mobilized into PAO1 by the donor cell E. coli S17-1, and gene replacement was carried out as above. Tc-sensitive, Sp-resistant clones were checked by Southern blotting (data not shown).
Complementation of lasR mutants. Complementation with the lasR ϩ gene was carried out using either the multicopy plasmid pME3827 (Table 1) or a miniTn7-based system for single-copy insertion into chromosomes of gram-negative bacteria (20, 69) . In the latter procedure, P. aeruginosa lasR recipient strains, grown overnight at 43°C, were mixed with the helper strain E. coli SM10pir/ pUX-BF13 and the donor E. coli S17-1/pME3872, carrying the mini-Tn7-lasR construct (Table 1) . Site-specific chromosomal insertion of mini-Tn7-lasR ϩ was revealed by PCR using primers Tn7-1 and Tn7-3 (Table 1) , with the formation of a typical 2.0-kb band. Complementation by the lasR ϩ allele was confirmed by growth on OS-adenosine medium and by assaying for OdDHL, BHL, and elastase.
Enzyme assays. For nucleoside hydrolase determination, P. aeruginosa cells grown overnight in 100 ml of the medium of Terada et al. (58) were harvested at 4°C by centrifugation, washed, and broken by sonication as a 20% (wet weight per volume) suspension in 50 mM Tris-HCl, pH 7.3. After centrifugation at 10,000 rpm for 30 min, the supernatant was dialyzed overnight at 4°C (Spectra/ Por Float-A-Lyzer membrane, cutoff 5,000 Da; Spectrumlabs), providing a crude extract. Nucleoside hydrolase activity was determined at 37°C by measuring the formation of ribose from 5 mM inosine or adenosine in 50 mM HEPES, pH 7.3; the assay volume was 800 l including 50 l or 100 l of extract. The reaction was terminated after 5 or 10 min by the addition of 100 l of 1.0 M HCl. Reducing sugar was measured by the addition of 100 l of 1.05 M NaOH, 0.3 ml of 0.12% (wt/vol) 1,9-dimethyl-1,10-phenanthroline, and 0.3 ml of a reagent containing 4% (wt/vol) Na 2 CO 3 , 1.6% (wt/vol) glycine, and 0.045% CuSO 4 · 5H 2 O. Following color development at 95°C for 8 min, the absorbance at 450 nm was measured, For ␤-galactosidase assays, P. aeruginosa strains were cultivated with shaking in 20 ml NYB supplemented with 0.05% (vol/vol) Triton X-100 in 50-ml Erlenmeyer flasks at 37°C. ␤-Galactosidase-specific activities were determined by the Miller method (48) .
Elastase production was estimated by measuring elastolytic activities of cells grown in 20 ml NYB (in 50-ml Erlenmeyer flasks) for 16 h against elastin Congo red (Sigma), as previously described (33) .
Assays for OdDHL, BHL, rhamnolipids, HCN, and pyocyanin. For extraction of N-acyl-homoserine lactones, P. aeruginosa strains were grown in 200 ml NYB supplemented with 0.05% (vol/vol) Triton X-100 (in 500 ml-Erlenmeyer flasks) at 37°C to an OD 600 of 2.0 to 2.5. Cells were removed by centrifugation; supernatants were adjusted to pH 5, filtered (pore size, 0.45 m), and extracted three times with 80 ml of dichloromethane in a separating funnel. The extract was processed and analyzed for OdDHL and BHL by reverse-phase thin-layer chromatography as described previously (18) . Nuh Ϫ mutants obtained in the enrichment experiment were tested qualitatively for OdDHL and BHL production by cross-streaking against the indicator strains previously described (18) . Rhamnolipids, HCN, and pyocyanin were quantified in culture supernatants as described before (19, 46) .
RESULTS

Discovery of lasR mutations in P. aeruginosa PAO1 sublines.
A PAO1 subline from a German strain collection (PAO1-D) and another, independent PAO1 subline from a Japanese strain collection (PAO1-J) showed a darker bluish pigmentation on nutrient agar and on Pseudomonas isolation agar (Difco) than did our PAO1 laboratory strain, which had been maintained at Ϫ80°C since 1970. These differences in pigmentation were due to various amounts of pyocyanin produced (Table 2 ), hinting at a potential dysfunction of the quorumsensing machinery in strains PAO1-D and PAO1-J. According to a previous report (8) , a lasR mutation causes pyocyanin overproduction in stationary phase. Both strains were found to be defective for OdDHL production and had reduced BHL levels (in strain PAO1-J) or did not produce detectable amounts of BHL (in strain PAO1-D) ( Table 2) . Strain PAO1-D appeared to be defective for twitching motility, probably as a consequence of a secondary mutation as previously observed (2), whereas PAO1-J had twitching motility. Three LasRI/RhlRI-regulated extracellular products, elastase, rhamnolipids, and HCN (32, 38, 42, 65) , were produced in strongly reduced amounts by both PAO1-D and PAO1-J, compared with PAO1 (Table 2) . To verify that a lasR defect could cause the quorum-sensing phenotypes observed, we constructed an in-frame lasR deletion mutant, PAO6395, in a PAO1 background. This strain and PAO1-D had the same quorum-sensing-negative phenotypes (Table 2 ). When the lasR ϩ allele from strain PAO1 was introduced, as a single copy on a mini-Tn7 vector, into the chromosomes of strains PAO1-J, PAO1-D, and PAO6395, the production of OdDHL, BHL, elastase, rhamnolipids, and HCN was restored to wild-type levels (data not shown). These data indicate that the three mutant strains owed their phenotypes to defective LasR function.
The lasR alleles of strains PAO1-J and PAO1-D were isolated by PCR amplification and sequenced. In PAO1-J, the original ATG initiation codon of the lasR gene was mutated to ATT (Fig. 1) . This rare initiation codon reduces translational efficiency to about 2% in E. coli (57) and is expected to have a similar consequence in P. aeruginosa, given the similar translation initiation mechanisms in both organisms (27) . In PAO1-D, the lasR gene contained a point mutation in codon 216 (CGG3CTG), resulting in an arginine3leucine change (Fig. 1) . Arg-216 lies in ␣-helix 9, which is the DNA recognition sequence in the helix-turn-helix motif of LuxR-type transcription factors including LasR (60) . Therefore, Arg-216 appears to have an essential function in target DNA recognition by the LasR protein.
Development of a plate assay for LasR function. In Biolog GN microplates, which contain 95 different carbon and/or nitrogen sources, strain PAO1 utilized inosine, whereas the lasR mutants were handicapped on this substrate (data not shown). In P. aeruginosa, inosine is formed by deamination from adenosine and degraded by a nucleoside hydrolase to hypoxanthine plus ribose; subsequent degradation of hypoxanthine to glyoxylate plus urea occurs in several steps (30) . The nuh (PA0143) gene, whose deduced protein product has 40% amino acid sequence identity with the RihC nucleoside hydrolase of E. coli (44) , is inducible about fivefold by the LasRI system, as evidenced by microarrays and proteomics (1, 17, 49, 50, 63) . We cloned the nuh gene of strain PAO1 (see Materials and Methods). A nuhЈ-ЈlacZ translational fusion carried by pME3877 was expressed in a cell density-dependent manner in the wildtype PAO1 but showed low expression in the lasRI mutant PAO6330 (Fig. 2) , confirming the transcriptomic and proteomic data. To verify the nucleoside hydrolase function of the nuh gene, we measured this activity in cell extracts with aden- (19) . f Growth on OS medium with adenosine as the only C source was scored after 2 days. ϩϩϩ, good growth of single colonies; ϩ, faint growth in primary streak.
osine or inosine as the substrate. Whereas the wild-type PAO1 manifested nucleoside hydrolase activities of 70 to 80 U per mg of protein with either substrate, the nuh mutant PAO6379 showed a strongly reduced activity (Table 3) , thus confirming the predicted function of the gene, and the lasRI mutant PAO6330 exhibited a fourfold decrease of activity, compared to the wild type ( Table 3 ). The nuh mutant PAO6379 as well as the quorum-sensing mutants PAO6330 (lasRI) and PAO6395 (lasR) were impaired in the utilization of adenosine and inosine as the sole carbon source, whereas strain PAO1 grew well on these substrates (Table 3 ). The complemented nuh mutant PAO6379, carrying pME3883 (Table 1) , grew like the wild type. Furthermore, three clinical P. aeruginosa isolates which carry mutations in lasR (7) did not grow on adenosine or inosine (data not shown). Strain PAO2324 (puuD), which is blocked in hypoxanthine degradation (30) , was used as a control; this strain was impaired in the utilization of adenosine, inosine, and hypoxanthine. Mutations in the gacA or vfr genes, which are required for optimal lasR expression (11, 46) , or in the rhlR gene did not cause a Nuh-negative phenotype, i.e., these mutants grew on adenosine. These results are consistent with the existence of an adenosine catabolic pathway in which the LasR-controlled nuh enzyme hydrolyzes inosine. Thus, growth on adenosine provides a simple and reliable method to distinguish between the wild type and lasR-negative strains, and we used this routinely to monitor the viability of these strains in the mixed culture and enrichment experiments described below. Selective advantage of lasR mutants during the death phase. To determine the possible causes for the emergence of lasRnegative P. aeruginosa strains, we grew the wild type PAO1 and the engineered lasR mutant PAO6395 separately in NYB with good aeration. Both strains had the same doubling time of 29 Ϯ 1 min and reached stationary phase after 20 to 24 h, whereby the lasR mutant reached a slightly lower maximal cell density, according to OD 600 measurements (Fig. 3A and B) . Marked differences were observed after 36 to 54 h of incubation: the wild-type PAO1 showed a stronger decline than did the lasR mutant PAO6395 (Fig. 3B) . The PAO6395/PAO1 ratio calculated from cell densities was nearly constant for the initial 30 h of incubation but subsequently went up to 80% after 54 h (Fig.  3B ). This differential behavior was confirmed by viable counts (see below; Table 4 ). In a separate experiment, strain PAO1-J showed the same reduced death rate as did PAO6395 (data not shown). In a mixed culture of strains PAO1 and PAO6395, the initial 50:50 ratio (based on CFU values) did not change significantly for ϳ20 h, but thereafter increased to Ͼ90% after 54 h (Fig. 3C) , whereas the cell densities (OD 600 values) of the mixture were roughly intermediate between those of the pure cultures ( Fig. 3A and B) . This experiment, when repeated with a PAO1-PAO1-J mixture, gave the same selective advantage for the lasR mutant after 48 h (data not shown). We conclude that a functional lasR gene is important for cell lysis and death under the conditions used.
Enrichment for spontaneous quorum-sensing (lasR) mutants during serial transfer of strain PAO1 in aerated cultures. In a reconstruction experiment done in triplicate, strain PAO1 was incubated aerobically in NYB (20 ml) at 37°C for 48 h, diluted 1:200 into fresh NYB, and incubated again for 48 h. This cycle was repeated several times. After each cycle, an appropriately diluted sample was plated on nutrient agar and 100 colonies were scored for growth on adenosine. After 1, 3, 5, and 7 cycles, the proportions of Nuh Ϫ colonies were 1, 4, 11, and 27%, respectively. Small colony variants appeared after cycles 4 to 6, and translucent morphotypes were observed after cycles 6 to 8. Among 80 Nuh Ϫ colonies obtained from cycles 1 to 6, none was small and 50 could be functionally complemented for growth on adenosine by the multicopy plasmid   FIG. 2 . Influence of a lasRI deletion on nuh expression. ␤-Galactosidase expression from a translational nuhЈ-ЈlacZ fusion on pME3882 was determined in PAO1 (छ) and PAO6330 (lasRI) (‚). Each result is the mean Ϯ standard deviation from three measurements. Bacterial growth in NYB medium reached a plateau at about an OD 600 of 3. b Growth on OS minimal medium containing adenosine, inosine, or hypoxanthine as the only C source was scored as follows: ϩϩϩ, good growth of single colonies; ϩϩ, growth in primary and secondary streaks; ϩ, faint growth in primary streak; Ϫ, absence of growth. For PAO2324 testing, 1 mM methionine was included.
c ND, not determined.
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on July 10, 2017 by guest http://jb.asm.org/ pME3827 carrying lasR ϩ . Ten clones from cycles 3 to 5, whose growth on adenosine was restored by pME3827, were chosen at random and analyzed further; 5 showed low or undetectable N-acyl-homoserine lactone and elastase levels, and all were mutated in lasR. One isolate had a point mutation in codon 117 (CCG3CTG) causing a proline3leucine change in the autoinducer-binding domain of LasR. One isolate had a Ϫ1 frameshift mutation (loss of G at position 447), and three isolates had a major deletion or rearrangement in lasR, as evidenced by the absence of a typical 1.24-kb lasR fragment in PCR with primers las1 and las2 (Table 1 ). The remaining five Nuh Ϫ clones tested were elastase negative, but N-acyl-homoserine lactone positive, and none was mutated in lasR. These clones were not analyzed further. From this experiment, we conclude that serial transfer in aerated NYB can indeed select for lasR mutants, but also for a variety of other mutants, some of which have a Nuh Ϫ phenotype. Potential causes of cell lysis and death. Aerobic incubation conditions were found to be important for cell lysis and death: in oxygen-limited cultures (obtained in tightly closed 125-ml bottles containing 60 ml of NYB), PAO1 and a lasR mutant had similar survival abilities during 54 h of incubation (data not shown). As the Pseudomonas quinolone signal (PQS) can trigger autolysis in P. aeruginosa colonies grown on rich, solid media (5), we tested whether the addition of 60 M PQS to strain PAO6395 (⌬lasR), which had been cultivated in NYB with aeration for 24 h, would restore wild-type lysis over the following 28 h of incubation. However, no such effect was observed. In a control, added PQS did not enhance lysis of strain PAO1 either (data not shown). Thus, it is likely that PQS signaling is not involved in the lysis phenomenon that we observe in PAO1 grown in aerated NYB, in contrast to the established role of PQS in the autoplaquing phenomenon (5).
In E. coli, autolytic cell death can be induced by DNA damage, via activation of the RecA protein (26) . A recA mutant derived from PAO1, PDO7, was compared with PAO1; both strains showed similar levels of lysis when grown in NYB (data not shown), suggesting that a major role of RecA in cell death of PAO1 is unlikely under the conditions used. In E. coli, mutation in the stationary-phase sigma factor RpoS can confer a growth advantage under conditions of alkaline pH (10) . We measured the pH in cultures of PAO1 and PAO6395 incubated in standard NYB medium: the pH values rose from 6.8 initially to Ն9 at the end of incubation for both strains, and the beginning of lysis was correlated with pH values Ն8.5. When the two strains were grown in NYB buffered with 100 mM K phosphate, pH 7.0, the extent of both lysis and death was reduced to low levels which were similar for the wild type and the lasR mutant (Table 4 ). In particular, the two strains had comparable cell population densities after 48 h (Table 4 ). We therefore suggest that an alkaline, low-osmotic-strength environment favors cell lysis and death more strongly in the wild type than in lasR-negative mutants.
DISCUSSION
In the light of recent genomic data (1, 17, 49, 50, 63) , it appears that the network of LasR/RhlR-regulated genes in P. aeruginosa is much vaster than assumed earlier when quorum sensing was essentially perceived as a mechanism to control virulence (39, 47, 67) . In fact, N-acyl-homoserine lactone-mediated quorum sensing modulates a number of central metabolic functions such as glucose catabolism and denitrification (49, 63) . As pointed out by Manefield and Turner (28) , little is known about the ecological roles of quorum sensing. In this study, we have shown that the LasRI system is important for catabolism of adenosine and inosine and that LasR is involved in the control of cell lysis and death when the organism is incubated in a rich liquid medium with good aeration.
It has long been known that various P. aeruginosa strains, when cultivated on rich solid media, can form zones of lysis ("autoplaques") within the bacterial lawn after 1 to 2 days of incubation (3) . Although common and widespread in P. aeruginosa, autoplaque formation is a highly variable phenomenon (3). Induction of pyocins or prophages has been considered as a possible cause of autoplaque formation (3). P. aeruginosa PAO produces three pyocins (R2, F2, and S2), and two more are predicted from genome analysis (36) . Pyocins are inducible by DNA-damaging agents, and it has been proposed that such induction could be mediated by activated RecA protein (29) . As the recA mutant PDO7 was not significantly different from the wild-type PAO1 in terms of lytic death under our experimental conditions, an involvement of pyocin production remains uncertain. Moreover, transcriptome analysis of earlystationary-phase P. aeruginosa cells (49, 50, 63) fails to reveal an effect of quorum sensing on the expression of pyocin genes or on other genes that might be obvious candidates for initiating cell lysis, e.g., the genes for a filamentous phage present in the PAO chromosome (66) or for peptidoglycan hydrolases (autolysins) (24) . In the same vein, prophage Pf1-mediated cell death in biofilms does not depend on quorum sensing (64) . Autoplaque formation is enhanced in P. aeruginosa pqsL mutants, which overproduce PQS, and abolished by secondary mutations blocking PQS biosynthesis, suggesting that PQS may have a function in triggering autoplaque formation (5) . LasR function is required for optimal transcriptional expression of the pqs biosynthetic gene cluster (12, 41, 49) . However, our observation that addition of PQS to a lasR mutant in stationary phase did not restore lysis to the wild-type level argues against an involvement of PQS under our experimental conditions. For all these reasons, we suggest that autoplaque formation and cell lysis after growth in NYB are unrelated phenomena.
The fact that lasR-negative mutants of strain PAO1 evolved in two different strain collections and that this occurred by two different point mutations strongly suggests that loss of LasR function can confer a selective advantage on P. aeruginosa. As we have shown here, this selective advantage (i) does not operate during growth but rather during death, (ii) is evident under alkaline environmental conditions, and (iii) is strong enough to enrich for lasR mutants in a PAO1 wild-type culture after five incubation cycles of 48 h each. As a single 48-h cycle enriches Ն10-fold for a lasR mutant over the wild type (Fig.  3C) , five cycles can be expected to reveal spontaneous lasRnegative mutants if these arise with a frequency of about 10 Ϫ7 in a population, which is a realistic assumption for an average bacterial gene. When P. aeruginosa grows in nutrient-rich media, it usually produces an excess of ammonia, resulting in an alkaline environment. At pH 8.6, the lactone ring of BHL is hydrolyzed entirely and that of OdDHL partially within 6 h (68). Thus, under alkaline conditions, N-acyl-homoserine lactones lose biological activity and mutants that do not produce and respond to these molecules, e.g., lasR mutants, could have a selective advantage. Interestingly, lasR-negative P. aeruginosa strains have been isolated repeatedly from hospitalized patients and natural environments (4, 7, 13, 14, 54) , raising the possibility that such strains might have been selected in environments of high pH, created by the bacteria themselves or perhaps imposed by hospital hygiene. However, in the cycling experiment, other mutants were also selected, with unidentified genetic defects outside lasR. At least some of these mutants produced N-acyl-homoserine lactones but appeared to be unable to respond to OdDHL (our unpublished observations). Other mutants retained a functional quorum-sensing machinery and manifested altered colony morphology.
What is the significance of adenosine utilization in the quorum-sensing regulon? When N-acyl-homoserine lactones are synthesized from S-adenosylmethionine and an acyl donor, methylthioadenosine (MTA) is a by-product (37) . MTA can be recycled to give methionine. In P. aeruginosa, the first step of this recycling pathway is catalyzed by MTA phosphorylase (mtnP), which produces methylthioribose-1-phosphate and adenine (51) . Adenine is a good nitrogen source, but a poor carbon source, for strain PAO1 (data not shown), suggesting that direct degradation of adenine may not be a major pathway. Instead, adenine may be converted to adenosine, which is effectively catabolized to inosine, hypoxanthine, xanthine, urate, and finally glyoxylate (30) . It is therefore conceivable that the nucleoside hydrolase encoded by the nuh gene participates in the recycling of the adenosine moiety of MTA. Thus, high levels of N-acyl-homoserine lactones would favor MTA recycling by inducing nuh. From a practical point of view, the adenosine utilization-negative phenotype of lasR mutants provides a useful and simple tool to distinguish them from the wild type.
Repeated transfer of P. aeruginosa PAO1 from one shake culture to another could well be the major cause for the emergence of lasR-negative laboratory strains. The fact that these strains overproduce pyocyanin in late exponential to stationary phase (8) and therefore turn dark blue on plates might have given the intuitive impression of a strongly "wild" phenotype. Unfortunately, the original strain 1 (21) was lost and later replaced by a chloramphenicol-resistant subline called PAO1, in which the chloramphenicol marker appears to be unstable (22, 25) , making it difficult to reconstruct the precise genealogy of PAO1 strains stocked in various laboratories. At any rate, when P. aeruginosa strains are newly isolated from an environment, they should be stocked immediately from fresh overnight cultures, by conservation at Ϫ80°C or lyophilization.
